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ABSTRACT
WASP-127b is one of the puffiest exoplanets found to date, with a mass only 3.4 Neptune masses, but a radius larger than Jupiter. It
is also located at the border of the Neptune desert, which describes the lack of highly-irradiated Neptune-sized planets, and which
remains poorly understood. Its large scale height and bright host star make the transiting WASP-127b a valuable target to char-
acterise in transmission spectroscopy. We use combined EulerCam and TESS light curves to recalculate the system’s parameters.
Additionally, we present an in-depth search for sodium in four transit observations of WASP-127b, obtained as part of the Hot Exo-
planet Atmosphere Resolved with Transit Spectroscopy (HEARTS) survey with the High Accuracy Radial velocity Planet Searcher
(HARPS) spectrograph. Two nights from this dataset were analysed independently by another team, claiming a detection of sodium
incompatible with previous studies of data from both ground and space. We show that this large sodium detection is actually due to
contamination from telluric sodium emissions and the low S/N in the core of the deep stellar sodium lines. When properly accounting
for these effects, the previous sodium signal is reduced to an absorption of 0.46± 0.20% (2.3σ), which is compatible with analyses of
WASP-127b transits carried out with other instruments. We can fit a Gaussian to the D2 line, however, the D1 line was not detected,
indicating an unusual line ratio if sodium exists in the atmosphere. Follow-up of WASP-127 at both high-resolution and with high
sensitivity will be required to firmly establish the presence of sodium and analyse its line shape.
Key words. Planetary Systems – Planets and satellites: atmospheres, individual: WASP-127b – Techniques: spectroscopic – Instru-
mentation: spectrographs – Methods: observational
1. Introduction
Our knowledge of the exoplanet population has increased signif-
icantly over the last few years with thousands of detected ex-
oplanets for a wide range of masses, sizes and system archi-
tectures, some of which are not found within our solar system.
Despite these advances, and the consensus that exoplanets are
ubiquitous in our Galaxy (Cassan et al. 2012; Dressing & Char-
bonneau 2013; Wright et al. 2012; Howard 2013; Batalha et al.
2013), the study of atmospheric composition and structure of ex-
oplanets is still in its early days.
One of the more important features of the currently known ex-
oplanet population is the so-called Neptune desert, a dearth of
? Based on observations made at ESO 3.6 m telescope (La Silla,
Chile) under ESO programmes 098.C-0306 and 100.C-0750 (PI Ehren-
reich).
highly irradiated planets in the size range of Neptunes (Lecave-
lier Des Etangs 2007; Mazeh et al. 2016). This feature is not
due to observational bias, these planets should be easily acces-
sible from both space and the ground. A proposed explanation
of the Neptune desert is that these planets do not survive photo-
evaporation, driven by their host stars (Owen & Lai 2018; Owen
2019; Ehrenreich et al. 2015; Bourrier et al. 2018).
One of the planets in the Neptune desert, WASP-127b (discov-
ered by the WASP-South survey, Lam et al. 2017), has a ra-
dius comparable to Jupiter, but a super-Neptune mass, making
it one of the puffiest planets to date. WASP-127b is shown in
the mass-insolation space in Figure 1. Additionally, its compar-
atively large radius for a planet of a similar mass cannot be ex-
plained by the standard coreless model (see Fortney et al. 2007).
WASP-127b orbits its bright G5-type host star (V=10.2) with a
period of 4.18 days, however, it receives a relatively low XUV
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Table 1. Log of observations.
Date #Retained Spectraa Exp. Time [s] Airmassb Seeing S/N order 56
Night one 2017 February 28 23 (7/16)c 500 1.4-1.1-1.4 - 40 - 50
Night two 2017 March 20 33 (16/16)d 600,500 1.9-1.1-1.5 0.7-1.1 35 - 48
Night three 2018 February 13 15 (8/6)e 900 1.2-1.1-1.8 0.8-1.2 35 - 55
Night four 2018 March 31 33 (13/18)f 600 1.5-1.1-2.7 0.5-1.0 42 - 56
Notes. (a) In parenthesis: spectra in and out of transit, respectively. (b) Airmass at the beginning, centre, and end of transit. (c) Observed: 37
exposures. Partial transit. (d) Observed: 45 exposures. (e) Observed: 24 exposures. Partial transit, rejected from the analysis for insufficient out-of-
transit baseline. (f) Observed: 42 exposures.
Fig. 1. Exoplanets in the mass vs insolation space. The puffy super-
Neptune WASP-127b shown as a big green dot. The data was retrieved
from the NASA Exoplanet Archive: https://exoplanetarchive.
ipac.caltech.edu/, retrieved 27 June 2020.
flux, despite its close-in position in the system (Chen et al.
2018) which makes photo-evaporation an unlikely explanation
for its inflation. Potential alternatives include re-inflation by the
host star, enhanced atmospheric opacity, Ohmic or tidal heating
(Perna et al. 2010; Leconte et al. 2010; Batygin & Stevenson
2010; Batygin et al. 2011; Rauscher & Menou 2013; Lithwick
& Wu 2014; Lammer et al. 2016). At the time of writing, none
of these concepts can be established as the clear explanation for
WASP-127b’s puffiness and more precise observations of its at-
mospheric composition and system parameters are needed.
Fortunately, WASP-127b is a prime candidate for spectro-
scopic observations, with a bright host star and an enormous at-
mospheric scale height (∼ 2350 km, Lam et al. 2017). Previ-
ous observations with the 2.5m Nordic Optical Telescope (NOT)
and the Gran Telescopio Canarias (GTC), see Palle et al. (2017);
Chen et al. (2018), have shown evidence for sodium, lithium,
potassium, hazes in form of a Rayleigh slope and tentative in-
dications for TiO/VO. Space-based observations using the HST
and Spitzer telescopes conducted by Spake et al. (2019) were
able to detect H2O and CO2 bands, restricting the metallicity of
WASP-127b to super-solar, which was recently confirmed, to-
gether with the cloudy nature of the atmosphere by an indepen-
dent study using HST (Skaf et al. 2020). Additionally, Spake
et al. (2019) is in line with the ground-based sodium observa-
tions.
In Žák et al. (2019), from here Z19, a sodium signal with
an absorption of more than 1% is reported on two transit ob-
servations of HARPS data, which were observed as part of
the HEARTS survey, that comprised a total of 4 transits of
WASP-127b. Their analysis corresponds to a sodium detection of
0.1060± 0.0008Rp/R? on the wavelength grid from Spake et al.
(2019), which differs from the Spake et al. (2019) results at the
1σ level (∼ 0.1035±0.0010Rp/R?, see Figure 21 in Spake et al.
(2019)). In the following, we discuss the full available HARPS
dataset on WASP-127b of four nights of observations and show
the impact of telluric sodium and low-S/N residuals stemming
from the stellar sodium lines when observing planets with small
transit depths. Additionally, we present updated system parame-
ters obtained from photometric observations with EulerCam and
TESS.
2. Observations and data reduction
As part of the HEARTS survey (ESO programme: 098.C-0306,
100.C-0750; PI: Ehrenreich), we observed four transits of the
inflated super-Neptune WASP-127b in front of its host star. The
transits took place on 2017 February 28, 2017 March 20, 2018
February 13, and 2018 March 31 and were observed with the
HARPS spectrograph at the ESO 3.6 m telescope in La Silla
Observatory, Chile (Mayor et al. 2003).
Due to visibility constraints of the target, two of the transits were
only partially recorded and only have out-of-transit spectra be-
fore or after the transit itself. The out-of-transit spectra are de-
fined as spectra recorded with no part of the planet in front of
its host star. All spectra where the planet is partially or com-
pletely in front of the star are in-transit spectra. In four nights,
a total of 141 spectra were taken, with 86 in-transit and 55 out-
of-transit. A log of the observations can be found in Table 1. For
each night, we discarded the exposures in which the low-SNR
core of the stellar lines overlap too much with the planetary or-
bital track. This concerns 10, 6, 5, 7 exposures respectively in the
four nights of observation (see Section 5.1.2 and Appendix A,
as well as Seidel et al. (2020), for further details). In night 1,
a partial transit, one spectrum at the end (in-transit) was only
partially taken and not discarded, but added to the transit. In the
same night, three in-transit spectra showed significant lower S/N,
most likely due to passing clouds. The mentioned spectra were
discarded for this analysis. In night two, seven consecutive in-
transit spectra were rejected for low S/N, most likely again due
to a large cloud passing. night three, which was a partial transit,
had two out-of-transit exposures rejected since they were taken
to test the best exposure time and not as part of the transit. Ad-
ditionally, two in-transit spectra were rejected for significantly
lower S/N compared to the rest of the spectra (unknown ori-
gin). This left an insufficient amount of out-of-transit spectra to
properly correct the stellar spectrum and night three was subse-
quently rejected from the analysis. In night four, four in-transit
spectra were rejected for low S/N.
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This work focusses on the sodium doublet, which in the case
of HARPS is located in echelle order 56, spanning the wave-
length region from 5850.24 Å to 5916.17 Å. Fibre A was set
on the target during the transit, while Fibre B observed the sky.
The recorded HARPS spectra are extracted from the e2ds raw
data by the HARPS Data Reduction Pipeline (DRS v3.5)1. The
wavelength solution is given in the solar system barycentric rest
frame. Additionally, the data is corrected for the blaze, cosmic
particles hitting the detector, and telluric contamination.
Telluric lines play a major role in transmission spectroscopy.
Depending on the velocities of the observed system, the telluric
lines can overlap with the stellar sodium doublet, distorting the
line shape and depth. To correct for this effect, we use molecfit
version 1.5.1. (Smette et al. 2015; Kausch et al. 2015), an ESO
tool to correct telluric features in ground-based observations. For
further details on how to apply molecfit, see Allart et al. (2017)
and for examples in the wavelength range of the sodium doublet,
see Casasayas-Barris et al. (2019); Seidel et al. (2019); Chen
et al. (2020); Casasayas-Barris et al. (2020); Hoeijmakers et al.
(2020); Seidel et al. (2020). The telluric lines were corrected
down to the noise level for all airmasses. However, molecfit only
corrects for local atmospheric profiles based on models and the
measured weather data at the local site, but not for sky emis-
sion. It can, therefore, not correct for telluric sodium emission
lines. This potential contamination can be estimated from the
data taken with Fibre B, which was set to the sky. We will dis-
cuss the influence of telluric sodium in Section 5.1.
3. Simultaneous photometry with EulerCam
We obtained photometric observations with EulerCam, the
charged coupled device (CCD) imager installed at the 1.2 m Eu-
ler telescope at La Silla Observatory, Chile. A detailed descrip-
tion of the instrument, as well as the processes needed to obtain
relative aperture photometry, can be found in Lendl et al. (2012).
For each transit event, stable reference stars were chosen itera-
tively. The thus obtained lightcurves of full or partial transits are
shown in Figure 2. An overview of the main parameters dur-
ing each observations can be found in Table 2. The photometric
uncertainties of the EulerCam data do not reflect additional cor-
related noise due to stellar, atmospheric or instrumental effects.
To compensate, we add the values given in Table 2 quadratically
to the uncertainties of each data set, enforcing a reduced χ2 of
unity for each light curve. The combined 2-min EulerCam RMS
is 0.000261. Additionally, one TESS light curve was observed
in Sector 9, covering 4 individual transits, with a combined 2-
min RMS of 0.000209. The PDC-SAP TESS light curve (Smith
et al. 2012; Stumpe et al. 2014; Jenkins et al. 2016) was included
in our analysis and a comparison of combined EulerCam light
curves and the TESS light curve is shown in Figure 3.
4. Revised system parameters
We analysed all available photometric transits with the COde
for transiting exoplaNet ANalysis (CONAN) (Lendl et al. 2020),
which is based on the transit analysis code presented in Lendl
et al. (2017) and uses the algorithms from Kreidberg et al. (2015)
to calculate transit models. The fitted parameters (MCMC jump
parameters) are listed in the top section of Table 3 and the model
fit as red lines in Figure 3.
1 http://www.eso.org/sci/facilities/lasilla/
instruments/harps/tools/archive.html
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Fig. 2. Light curves obtained by EulerCam (bottom to top: 2014 April
28, 2016 March 09, 2017 February 28, 2017 March 20, 2018 February
13, 2018 March 31, 2019 February 24 offset by 0.02 for visibility. The
computed models are shown in red.
Table 2. Overview of the EulerCam photometric observations.
date filter RMS2min [ppm] noise added
2014 April 28 r’-Gunn 0.000959 0.000625
2016 March 09 r’-Gunn 0.000910 0.000812
2017 February 28 r’-Gunn 0.000704 0.000733
2017 March 20 r’-Gunn 0.000721 0.000590
2018 February 13 r’-Gunn 0.001069 0.000953
2018 March 31 r’-Gunn 0.000946 0.000769
2019 February 24 r’-Gunn 0.000946 0.000709
4.1. Stellar parameters
We used a combined HARPS spectrum to derive the stellar
spectroscopic parameters (Teff , log g, microturbulence, [Fe/H])
and respective uncertainties. For this purpose, we followed the
ARES+MOOG methodology as described in Sousa (2014); San-
tos et al. (2013). The ARES code 2 (Sousa et al. 2007, 2015)
was used to consistently measure equivalent widths (EW) of iron
lines included in the line list presented in Sousa et al. (2008).
Briefly, ARES+MOOG performs a minimization process look-
ing for the ionization and excitation equilibrium to find con-
vergence on the best set of spectroscopic parameters. For the
computation of the iron abundances, we make use of a grid
of Kurucz model atmospheres (Kurucz 1993) and the radia-
2 The last version of ARES code (ARES v2) can be downloaded at
http://www.astro.up.pt/∼sousasag/ares
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Fig. 3. Light curves obtained by EulerCam (red model fit) and TESS
(green model from detrended data and best-fit). The residuals from fit-
ting are shown in the bottom, respectively.
tive transfer code MOOG (Sneden 1973). The stellar mass, ra-
dius and age was obtained through the use of the Padova stel-
lar model isochrones (see. da Silva et al. 2006; Bressan et al.
2012) - http://stev.oapd.inaf.it/cgi-bin/param_1.3) by providing
our spectroscopic parameters together with the Gaia DR2 paral-
lax and the V magnitude. The limb-darkening values were de-
rived using the routines by Espinoza & Jordán (2015).
All updated stellar and planetary parameters are given in Ta-
ble 3 and are used for the spectroscopic analysis in this work.
5. Transmission spectroscopy of WASP-127b
The goal of transmission spectroscopy is to extract the planetary
signal in the in-transit spectra. The base of this procedure is to
sum all in-transit spectra to produce the master-in and divide it
by the master-out, thus taking out the stellar spectral lines from
the transmission spectrum R˜ (Brown 2001). However, ground-
based observations are not suited for the direct application of
this method, as the flux changes with time due to the varying
airmass. Therefore, each in-transit spectrum is fitted by a third-
order polynomial and then divided by the master-out in the stel-
lar rest frame to guarantee comparable flux levels in all spectra.
These corrected in-transit spectra are then shifted to the planet
rest frame to align the planetary sodium signal and summed to-
gether for higher S/N (Wyttenbach et al. 2015). The full descrip-
tion of this method can be found in Seidel et al. (2019).
Two of the four transits (nights one and two) from our pro-
gram were previously analysed in Z19. Z19 analysed the two
transits taken in 2017, which were at the time publicly avail-
able in the archive, corresponding to 82 spectra (52 in-transit).
Based on this subset of our data, Z19 claims a sodium detection
at the 8.33σ (D2) and 4.2σ level (D1) (see Figure 5 in Z19)3.
In the following we reproduce this analysis and highlight how
telluric sodium emissions and low S/N remnants can produce
false-positives.
3 In Z19, the D1 and D2 lines have switched labels, which we assume
is a typo.
Table 3. Planetary and stellar parameters obtained from EulerCam and
TESS photometry.
Jump parameters:
Mid-transit time,[BJD] - 2450000 6776.62124+0.00023−0.00028
Rp/R∗ 0.101030.00026−0.00047
a/R∗ 7.81+0.11−0.09
Period [d] 4.178062030.00000088−0.00000053
RV amplitude, K [km s−1] 0.0220.003−0.002
Primary parameters from spectral analysis:
Stellar radius, R∗ [R] 1.335+0.025−0.029
Stellar mass, M∗ [M] 0.949+0.022−0.019
Derived parameters:
Planetary radius, Rp [RJ] 1.311+0.025−0.029
Planetary mass, Mp [MJ] 0.1647+0.0214−0.0172
Planetary mean density, ρp [ρJ] 0.073+0.010−0.009
Transit duration [d] 0.18137+0.00035−0.00058
Transit depth, ∆F 0.01021+0.00005−0.00010
Impact parameter 0.29 ± 0.04
a/R∗ 7.81+0.11−0.09
Orbital semi-major axis, a [au] 0.04840+0.00136−0.00095
Stellar mean density, ρ∗ [ρ] 0.401+0.025−0.026
Stellar radius, R∗ [R] 1.333 ± 0.027
Stellar mass, M∗ [M] 0.950 ± 0.020
Inclination [deg] 87.84+0.36−0.33
Eccentricity, e (fixed) 0.0
Fixed quadratic limb-darkening parameters:
u1,r 0.422
u2,r 0.214
u1,t 0.350
u2,t 0.225
c1,r = 2u1,r + u2,r 1.057
c2,r = u1,r − 2u2,r 0.208
c1,t = 2u1,t + u2,t 0.925
c2,t = u1,t − 2u2,t 0.125
5.1. Contamination sources in the sodium wavelength range
When looking at the data of each night individually, the sodium
detection is curiously strong in night two, while a tentative
sodium detection is seen in night one, but not in night four. Given
that, at the time of analysis, Z19 only had access to the first two
nights, and that night one is a partial transit, their sodium detec-
tion is dominated by the data from night two. An in-depth anal-
ysis of night two reveals an emission feature in the master-out
sodium line core when compared with the master-out from the
other three nights (see Figure 4). This emission makes the stellar
line appear more shallow. When the too shallow stellar sodium
line is then used to extract the planetary sodium by division of
the master-out it creates an artificially deep residual because the
emission varies in time and is not necessarily the same in- and
out-of-transit, which explains the unusually deep sodium feature
in night two. This emission feature stems from telluric sodium,
which was detected on fiber B in night two and night four.
To correct for the impact of the telluric sodium emission, we
masked out the wavelength range of the emission feature in the
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stellar rest frame in each spectrum of night two and 4. The mask-
ing window was set at ±3.5 km s−1 of each line centre, based on
the bin size of HARPS and the amount of bins affected by the tel-
luric sodium emission, see Figure 4. For WASP-127b, the planet
signal in the stellar rest frame is shifted between −40 km s−1
and 20 km s−1, with changes larger than one km s−1 from one
exposure to the next. This implies that the masking will crop
out part of the planet’s sodium signal when it overlaps with the
masked region, in this case in 3-4 exposures around mid-transit.
However, we will discuss Section 5.1.2 why spectra around mid-
transit have to be rejected because they are affected by low S/N
remnants. As a result, the masking for telluric sodium emission
does not reduce the signal strength.
In Figure 5, we recreated the sodium transmission spectrum
of Z19 (created from night one and 2) on the left, albeit with
our own telluric correction, and show the effect of masking the
region affected by telluric sodium emission on their analysis on
the right, with a significant decrease of the sodium feature. In
total, the telluric sodium contamination makes up 43% of the
signal strength in Z19, reducing the detection levels from 8.33
to 4.8σ for the D1 and from 4.2 to 2.4σ for the D2 line. Out of
all four nights, night two and 4 were affected by telluric sodium
emission and subsequently corrected in our analysis.
A stellar effect that could influence the transmission spec-
trum is the Rossiter-McLaughlin (RM) effect (Rossiter 1924;
McLaughlin 1924; Queloz et al. 2000; Louden & Wheatley
2015; Cegla et al. 2016). This effect describes the impact of the
Doppler-shift from the radial velocity of the local region of the
stellar surface occulted by the planet at a given time of its tran-
sit. This velocity is below ∼ 2km s−1 for WASP-127. Wyttenbach
et al. (2017) showed that the RM effect can be neglected for very
slow rotating stars. We thus concur with the reasoning of Z19
to neglect the RM effect in the analysis of the here presented
dataset.
Fig. 4. Normalised flux of the master out in the wavelength range of
the sodium doublet. The stellar sodium doublet of night one is shown
in blue, of night two in orange. The inset shows a zoom into the line
centre of the D2 line of the same data set. Night one shows the expected
line shape of the stellar sodium doublet, however, night two shows a
sodium emission at line centre (width approx. 6-8 bins), which has to
be masked in each spectrum to avoid a false-positive detection of the
stellar sodium feature as planetary sodium.
Fig. 5. Percentage of extra absorption as shown in Z19, Figure 5 for
the wavelength area of the sodium doublet. Grey points are at HARPS
resolution, black points binned by 20. In the left panel is the transmis-
sion spectrum of WASP-127b created from the first two transits, that
were available to the authors of Z19. On the right, the same dataset is
taken and the core of the stellar sodium doublet masked out (we masked
±3.5 km s−1 of each line centre, amounting to roughly 8-9 bins per spec-
trum). In blue is a Gaussian fit on the grey data for visualisation. In line
with Z19, we did not apply any spectra selection. The lower noise in
comparison with Z19 can be attributed to our automatic correction for
cosmics and different telluric corrections.
5.1.1. Stellar variability tracers
Additionally to the telluric and stellar effects mentioned before,
stellar activity can influence the sodium feature. To detect any
stellar effects, the Ca I and Mg I lines were monitored in Z19
(see Figure 3 in Z19) and no signal was found. Based on these
results, Z19 assumed no impact from stellar activity in their anal-
ysis. However, we remark that these measurements suffer from
low S/N, likely due to the inclusion of spectra which were taken
while clouds passed or which were aborted for testing purposes
(see Table 2 in Z19). Additionally, the plot of the Mg I line in
Figure 3 of Z19 shows a spread of the data points at line centre
greater than the noise level, with an uncertainty about twice as
large at line centre than in the continuum. The large noise level
in the Mg I line and the overall noise could effectively mask a
signal and hide stellar activity. Assuming that no signal was hid-
den for Ca I and Mg I during the combined analysis of night one
and 2, temporal stellar activity could still influence the transmis-
sion spectrum, but not be visible in the time-integrated spectrum.
In this work, we present EulerCam light curves taken simultane-
ously to the spectroscopic data, see Figure 2, which show no
photometric variability attributable to stellar activity (for exam-
ple spot modulations).
5.1.2. Low S/N trace
In each stellar spectrum, the most dominant feature is the stel-
lar sodium, where the flux drops significantly in the line core
(see Figure 4 for an example). Because of the low flux, the pho-
ton noise is increased compared to the signal, resulting in a low
S/N ratio in the wavelength region of the stellar sodium doublet.
The planetary signal is extracted from the total flux by dividing
each spectrum by the master-out in the stellar rest frame (SRF).
In consequence, low S/N residuals remain at the former posi-
tion of the stellar sodium doublet (Barnes et al. 2016; Borsa &
Zannoni 2018; Seidel et al. 2020). When the spectra are then
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Fig. 6. HARPS transmission spectrum of WASP-127b for the sodium doublet in the planetary rest frame. Upper panel: The transmission spectrum
for all three (1,2,4) nights combined in full HARPS resolution is shown in grey, in black the same data is shown binned by x20. The data has been
corrected for tellurics, cosmics, telluric sodium emission contamination and low S/N remnants. The rest frame transition wavelengths are marked
with blue dashed lines. We attempted a Gaussian fit to both potential sodium lines jointly, however, the fit was only successful for the D2 line. The
fit is shown as a red line. We, therefore, fitted the continuum to the D1 line instead. Lower panel: Residuals of the Gaussian fit.
shifted to the planetary rest frame (PRF), the low S/N residuals
are also shifted to different positions for each exposure (see Ap-
pendix A for 2D maps of the transits). However, for part of the
in-transit spectra, the low S/N residuals lie in the wavelength
range of the potential planetary sodium. In these regions, the
residuals can mask a sodium signal due to the increase in noise
or even fake a sodium signature. We mitigate this effect by iden-
tifying the overlap between the low-SNR core of the stellar line
(FWHM of the stellar sodium feature at the wavelength sodium
is known to absorb light) and the spectral range that potentially
contains the planet sodium signal in each exposure. For WASP-
127b this corresponds to a phase range from −0.008 to 0.008
where this overlap would dominate any potential sodium signal
and we subsequently discard the affected exposures, see Table
1. A closer look at the 2D maps in Appendix A shows that the
trace in night one and especially in night two is mainly in ab-
sorption and could thus introduce a false signal, which accounts
for the additional difference between the analysis in Z19 (bar-
ring the telluric sodium contamination) and our work. night four
is largely unaffected by the low S/N trace, because of an overall
higher S/N.
5.2. Sodium in WASP-127b
The resulting transmission spectrum for the three nights com-
bined can be found in Figure 6. Using the Gaussian fit of the
D2 line to estimate the detection level (see Hoeijmakers et al.
2020, for more information), results in a signal for the D2 line
of 0.729 ± 0.454%, corresponding to 1.6σ. Although an absorp-
tion can be seen at the line centre of the D2 line, it was not de-
tected in the D1 feature, and thus fitting Gaussians to both lines
simultaneously was not possible. To calculate the significance of
the overall sodium detection despite this, we compared the ab-
sorption in a 12Å window around the sodium doublet’s position
(blue dashed lines in Figure 6), with the absorption in reference
bands outside the sodium feature, as introduced in Wyttenbach
et al. (2015). In the dataset presented here, the absorption in the
sodium band is 0.456 ± 0.198%, corresponding to a significance
of 2.3σ.
However, splitting the transmission spectrum into each night
separately (see Figure 7) highlights that this feature stems largely
from night one, with some absorption at the D2 line position in
night two, but no indication of a sodium feature in night four.
To quantify this assessment we performed a Monte-Carlo boot-
strapping analysis based on Redfield et al. (2008). If the sodium
detection is in-fact produced by the planetary atmosphere and
not a spurious occurrence, no random selection of the spectra for
a random in-transit and out-of-transit group of spectra should be
able to reproduce the results. We create three different scenarios
to test this hypothesis. An ’in-in’ and ’out-out’ scenario, where
the random in-transit and out-of-transit spectra are all taken only
from the real in-transit spectra or all taken only from the real
out-of-transit spectra respectively. And the control case, ’in-out’,
where the spectra are still drawn randomly, but for the random
in-transit spectra only from the real in-transit spectra and vice
versa.
The relative absorption depth distributions for the three anal-
ysed transits can be found in Figure 8. Both ’in-in’ and ’out-out’
Article number, page 6 of 11
J. V. Seidel et al.: Hot Exoplanet Atmospheres Resolved with Transit Spectroscopy (HEARTS)
Fig. 7. HARPS transmission spectrum of WASP-127b for the sodium doublet in the planetary rest frame for all three nights separately. See Figure
6 for details.
Fig. 8. Distributions of the bootstrapping analysis for the 12 Å passband for the three used transits (night one, two, four) for 20000 random
selections. The ‘in-in’ (magenta) and ‘out-out’ (light blue) distributions are centred at zero (no planetary sodium detection) and the ‘in-out’
distribution is shown in black.
are centred at 0.0% as expected, meaning any sodium detection
cannot be reproduced solely from either the in-transit spectra
or the out-of-transit spectra. However, the ’out-out’ distribution
has a large spread for night one (Figure 8), which results in a
false-positive likelihood for the sodium detection in night one
of 2.5% (Redfield et al. 2008). The large spread of the ’in-out’
sample in the same night highlights the large noise in this spe-
cific night, which allows for a large range of possibilities. No
detection could be confirmed for night four.
Our results, therefore, show that a detection of sodium from this
HARPS dataset can neither be confirmed nor confidently ruled
out. It also remains unclear, whether our inability to fit the D1
line stems only from the low S/N of the spectrum or if a physical
mechanism reduces the strength of the D1 line disproportion-
ally. Assuming that there is a sodium feature for WASP-127b,
we propose a similar line of thought as for the ultra Hot Jupiter
WASP-121b, a planet with a confirmed sodium detection and an
interesting line ratio between the D2 and D1 line (Hoeijmakers
et al. 2020): If sodium exists in the atmosphere of the planet and
is extended enough, yet contained in the Roche radius, and addi-
tionally the number density of sodium low, the outflow of sodium
is optically thin in the line cores of the sodium doublet. This sce-
nario is likely for WASP-127b, given that it is the puffiest exo-
planet found to date. As shown in Draine (2011), the line depth
ratio of the D1 and D2 line depends on the ratio of the oscilla-
tor strengths in the thin limit, which is approximately 2 for the
sodium doublet. Gebek & Oza (2020) links the theoretical find-
ings from Draine (2011) and the puffy nature of some exoplanets
and showed that, assuming optically thin sodium gas across both
line cores, the line ratio of the sodium doublet approaches 2 (see
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also Appendix A in Hoeijmakers et al. 2020). This hypotheti-
cal, optically thin, toroidal envelope of sodium around the planet
could produce the line ratio needed to detect the D2 line, but
obscure the D1 line for WASP-127b.
6. Comparison with previous work
Putting our result in context with previous studies of WASP-
127b highlights the need for further investigation of a poten-
tial sodium signature. WASP-127b has been observed at low-
resolution multiple times, both with ground- and space-based
facilities. The first of these studies detected the presence of a
strong Rayleigh slope and features compatible with TiO and VO
in a most likely cloud-free atmosphere (Palle et al. 2017). How-
ever, sodium was detected tentatively in Palle et al. (2017) and
then claimed as a detection at the 5σ level in the GTC follow up
Chen et al. (2018). In Chen et al. (2018), additionally to sodium,
potassium and lithium were detected and the sodium detection
used to constrain the sodium abundance to super-solar. More re-
cently, Spake et al. (2019) studied WASP-127b using the Hub-
ble and Spitzer Space Telescopes and detected H2O, CO2, while
additionally confirming the sodium detection from the first two
studies with a super-solar abundance, despite an overall smaller
signature in comparison which might be due to the different res-
olutions of the instruments.
Lastly, as discussed in Section 5.1, Z19 presents a sodium de-
tection based on the first two nights of this dataset and claimed
a confirmation of the results presented with GTC instruments
(Palle et al. 2017; Chen et al. 2018). We resampled our analysis
on the HST/STIS wavelength grid from Figure 21 in Spake et al.
(2019) showing all previously taken low-resolution data sets in
Rp/R?. In the bin containing the sodium doublet, our data corre-
sponds to 0.1033±0.0009Rp/R?, which is lower than the sodium
detection in Spake et al. (2019) or Palle et al. (2017); Chen et al.
(2018) (see Figure 21 in Spake et al. (2019)), but compatible at
the 1σ level.
7. Conclusion
In this work, we studied the puffy super-Neptune WASP-127b in
photometry and spectroscopy. We analysed seven transits from
EulerCam and four transits from TESS and redetermined the
stellar parameters from spectroscopy. The obtained updated sys-
tem parameters were subsequently used to create the transmis-
sion spectrum. The spectroscopic data of four transits of WASP-
127b were obtained with the HARPS spectrograph during the
HEARTS survey, of which one transit was rejected due to an in-
sufficient out-of-transit baseline. We show that a previous anal-
ysis published in Z19 of two out of the four nights from this
dataset resulted in a false-positive detection of neutral sodium
based on contamination by stellar sodium and low S/N residuals.
Our analysis of three nights of the same dataset showed an over-
all absorption in the 12Å band around the sodium doublet’s posi-
tion at the 0.456± 0.198% level, corresponding to 2.3σ. This re-
sult is compatible with previous work conducted with space- and
ground-based instruments, however, it remains a non-detection.
Curiously, we were able to fit a Gaussian to the D2 line, but not
the D1 line. This could be due to low S/N of the data or alterna-
tively, if sodium exists in the atmosphere, due to a toroidal en-
velope of sodium in the optically thin limit. This curious finding
shows the power of high-resolution spectroscopy in studying line
shapes and ratios, which would go unnoticed in low-resolution.
We set the 3σ limit for the amplitude of a sodium detection with
high-resolution spectrographs at 0.594% for future studies of the
existence and potential ratio of the sodium lines. WASP-127b is
a challenging target and a cautionary tale regarding the influence
of low S/N remnants and telluric contamination and any future
analysis of this target has to carefully account for these compli-
cations.
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Appendix A: Low S/N residuals
Fig. A.1. Analysis of the overlap of the stellar and planetary sodium features for night one. The upper panel shows all spectra in the stellar rest
frame (SRF) taken during the transit in the wavelength range of the sodium doublet stacked on top of each other to create a 2D map. The black
dashed line indicate the ingress and egress (here only ingress for for this partial transit). The middle panel shows the sum over all spectra in the
SRF, with a line profile fit as a dark blue dashed line. The FWHM is indicated as vertical, black dotted lines. The lower panel shows the spectra in
the planetary rest frame (PRF), after division with the master-out spectrum. The position of the FWHM of the stellar sodium feature is indicated
with dotted white lines. The low S/N residuals can be seen clearly as a strong trace in the lower panel.
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Fig. A.2. Analysis of the overlap of the stellar and planetary sodium features for night one. See Figure A.1 for further details. The low S/N residual
trace is visible for both the D2 and D1 line.
Fig. A.3. Analysis of the overlap of the stellar and planetary sodium features for night four. See Figure A.1 for further details. The low S/N residual
trace is weak for this night.
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